Vitamin E (α-tocopherol; VitE) is a lipophilic antioxidant required for normal embryonic development in vertebrates, but the long-term effects of embryonic VitE deficiency, and whether they are ameliorated by feeding VitE-adequate diets, remain unknown. We addressed these questions using a zebrafish (Danio rerio) model of developmental VitE deficiency followed by dietary remediation. Adult zebrafish maintained on VitE-deficient (E-) or sufficient (E+) diets were spawned to obtained E-and E+ embryos, respectively, which we evaluated up to 12 days post-fertilization (dpf). The E-group suffered significantly increased morbidity and mortality as well as altered DNA methylation status through 5 dpf when compared to E+ larvae, but upon feeding with a VitEadequate diet from 5 to 12 dpf both the E-and E+ groups survived and grew normally; the DNA methylation profile also was similar between groups by 12 dpf. However, 12 dpf E-larvae still had behavioral defects. These observations coincided with sustained VitE deficiency in the E-vs. E+ larvae (p < 0.0001), despite adequate dietary supplementation. We also found in E-vs. E+ larvae continued docosahexaenoic acid (DHA) depletion (p < 0.0001) and significantly increased lipid peroxidation. Further, targeted metabolomics analyses revealed persistent dysregulation of the cellular antioxidant network, the CDP-choline pathway, and glucose metabolism. While anaerobic processes were increased, aerobic metabolism was decreased in the E-vs. E+ larvae, indicating mitochondrial damage. Taken together, these outcomes suggest embryonic VitE deficiency causes lasting behavioral impairments due to persistent lipid peroxidation and metabolic perturbations that are not resolved via later dietary VitE supplementation.
Introduction
Vitamin E (α-tocopherol; VitE) is required for healthy fetal development, as its deficiency during pregnancy causes fetal resorption in rodents [1] , and human studies associate maternal VitE inadequacy with early miscarriage [2] . Further, our recent work using a zebrafish model of embryonic VitE deficiency indicates VitE is essential for normal neurodevelopment: VitE-deficient (E-) compared to VitE-sufficient (E+) zebrafish embryos have increased mortality, severe morphological abnormalities including cranio-facial deformities [3, 4] , and also exhibit marked neurobehavioral perturbations [3] [4] [5] . Such outcomes likely are mediated via multiple, pleiotropic mechanisms that all arise from VitE's role as a potent lipophilic antioxidant [6] .
Initially, increased lipid peroxidation in E-embryos depletes them of docosahexaenoic acid (DHA, 22:6n-3) [3, 7] , resulting in the increased recycling/turnover and depletion of DHA-containing phospholipids and lysophospholipids [4] , particularly those containing choline (phosphatidylcholine; PCs and lyso-PCs, respectively), including lyso-PC 22:6, the form of DHA preferentially taken up by the brain [8] through the specific transporter, MFSD2A [9, 10] . This secondary depletion of choline coincides with cranio-facial deformities analogous to the neural tube defects evident in animal [11] and human [12] reports of maternal choline deficiency that, notably, also occur during neurulation [13] with complete VitE deficiency in geneticallymanipulated zebrafish embryos at 15-17 h post-fertilization (hpf) [14] . Given choline's established role in cognitive development [15] , VitE likely is essential for the fetal brain not only because it protects membrane DHA from excessive peroxidation, but also because it facilitates adequate perinatal choline status.
Furthermore, the increased lipid peroxidation in E-embryos perturbs their cellular antioxidant network, which ultimately disrupts aerobic energy metabolism, causing a significant decrease in wholebody (and, presumably, brain) glucose levels, and thus adversely impacts neurobehavioral outcomes by depriving the embryonic brain of sufficient energy to grow and function [3, 5] . These consequences are avoided with proactive VitE repletion because an α-tocopherol emulsion administered into the yolk of 0 hpf E-embryos entirely prevents mortality and morbidity outcomes [5] . However, remediation of VitE deficiency-induced (i.e. secondary) nutrient deficiencies only partially rescues E-embryos, as observed following glucose supplementation into the yolk at one day of age (24 hpf; after established VitE deficiency but prior to glucose depletion) [3] . Together, this data suggests the effects of developmental VitE deficiency may be prevented, but not necessarily reversed. We hypothesized, therefore, that deleterious outcomes of embryonic VitE deficiency cannot be ameliorated fully though later supplementation with VitE and other depleted nutrients (e.g. DHA and choline), and that long-term cognitive defects will persist in Ecompared with E+ embryos despite dietary intervention. To test this hypothesis, we selected normal appearing E-or E+ embryos, then fed them a complete diet for 7 days and analyzed them for behavioral, biochemical, and morphological changes.
Materials and methods

Materials and reagents
The following reagents were used for metabolomics analyses: methanol and ultra-pure water (LC-MS grade, EMD Millipore, Gibbstown, NJ); zirconium oxide beads (Next Advance Arbor, MI) and butylated hydroxytoluene (BHT, TCI America; Portland, OR) were used for quantification of total and free fatty acids, and oxidized lipid derivatives, respectively.
Zebrafish husbandry and diets
The Institutional Animal Care and Use Committee of Oregon State University approved this protocol (ACUP Number: 4706). Tropical 5D strain (5D) zebrafish (Danio rerio) were housed in the Sinnhuber Aquatic Research Laboratory. Adults were kept at standard laboratory conditions of 28°C on a 14-h light/10-h dark photoperiod in fish water (FW) consisting of reverse osmosis water supplemented with a commercially available salt (Instant Ocean®) to create a salinity of 600 microsiemens [13] . Sodium bicarbonate was added as needed to adjust the pH to 7.4. At 55 days post-fertilization (dpf), zebrafish were randomly allocated to one of two diet groups, α-tocopherol deficient (E-) or α-tocopherol sufficient (E+), and fed one of the defined diets for the duration of the study [16] . The defined diets, which contained only fatty acids with 18 or fewer carbons and two or three double bonds, were prepared with the vitamin C source as StayC (500 mg/kg, Argent Chemical Laboratories Inc., Redmond, WA) and without (E-) or with added α-tocopherol (E+, 500 mg RRR-α-tocopheryl acetate/kg diet, ADM, Decatur, IL), as described previously [14, 16] . Diets were stored at − 20°C until fed to the adult zebrafish.
E-and E+ embryos were obtained from adult fish fed either the Eor E+ diet, respectively, for a minimum of 80 days up to 9 months. Larvae were harvested through natural group spawning, collected, staged [13] , and kept in standard embryo media (EM; as described [17] using 0.137 M NaCl, 5.4 mM KCl, 0.25 mM Na 2 HPO 4 , 0.44 mM KH 2 PO 4 , 1.3 mM CaCl 2 , 1.0 mM MgSO 4 and 4.2 mM NaHCO 3 ; pH 7.2-7.4) for up to 12 days. Media was changed and freshly replenished once daily. Note that embryos are not fed prior to 5 days post-fertilization (dpf), as each is a complete unit containing only those nutrients present in the yolk when eggs are laid, which the embryo fully utilizes by approximately 5-6 dpf (larval stage). Beginning at 5 dpf, larvae were hand-fed once daily for 7 days a commercial, nutritionally complete zebrafish food (GEMMA Micro 75 ZF, Skreeting; Fontaine les Vervins, France). The food is manufactured with fish meal and fish oils (sources of long-chain polyunsaturated ω−3 fatty acids), α-tocopheryl acetate (minimum 400 IU/kg diet) and vitamin C (minimum 1000 mg/kg diet). Proximate analysis of the diet composition provided by the company was Proteins (59%), Oil (14%), Ash (14%), Fiber (0.2%), and Phosphorous (1.3%). For all experiments described below, the E+ larvae are considered the control condition; lab 5D larvae from adult zebrafish maintained on GEMMA Micro 300 ZF (Skreeting; Fontaine les Vervins, France) also were used as an additional control to monitor larval quality (data not shown). Larvae used for biochemical analysis, described below, were euthanized by cold exposure (placed on ice for ≥ 30 min) then snap-frozen in liquid nitrogen prior to sampling. Levels of α-tocopherol in embryos and larvae were quantified as described [3] .
Diet fatty acid composition and quantification
The total fatty acid compositions of the defined adult E-and E+ diets as well as the commercial GEMMA Micro 75 ZF diet were analyzed and quantified via saponification followed by GC-MS using established protocols [18] .
Evaluation of phenotypic and developmental progress
Morbidity and mortality outcomes were assessed as described previously [3] , using the zebrafish acquisition and analysis program (ZA-AP). ZAAP is a custom program designed to inventory, acquire, and manage zebrafish data, and was used to collect 22 developmental endpoints, as either present or absent (i.e. binary responses were recorded, described below [19] ). At 4 and 12 dpf, larval morphology (body axis, eye, snout, jaw, otic vesicle, notochord, heart, brain, somite, fin, yolk-sac, trunk, circulation, pigment, and swim bladder) was evaluated and recorded and behavioral endpoints (motility, tactile response) were thoroughly evaluated. If the embryo was dead at either 4 or 12 dpf, the non-mortality endpoints were not included in the evaluations. All images were taken using a Keyence BZ-700X microscope with a 2X objective lens under standard bright-field conditions.
Locomotor response assay
Locomotor activity was measured in a total of n = 80 morphologically normal larvae per diet group (3 replicate trials) using Viewpoint Zebrabox [19] . Briefly, at 12 dpf, six-well plates containing the larvae (5 larvae per well) were placed in a Viewpoint ZebraBox (software version 3.0, Viewpoint Life Sciences, Lyon, France). Embryo locomotor activity was assessed using the "tracking" setting during alternating periods of light and dark, a modification of [20] . Locomotor activity in response to the light/dark transition was tracked during 3-min periods of alternating light and dark for a total of 24 min. The integration time was set to 6 s to increase statistical power. A high definition camera (30 frames/s) tracked the total movement (swim distance, millimeters) in response to the multiple light-dark transitions.
Larval avoidance assay
The larvae were imaged with a custom-built imaging system made as described previously by [21] . In brief, the system includes a 15-megapixel Canon EOS Rebel T1i digital camera and an Acer Aspire 5517 laptop with a 15.6-in. screen to provide visual stimuli to the larvae. Larval behavior was examined in 'five-lane' plates, with 5 larvae per lane (25 larvae per plate: 10 E-, 10 E+, and 5 lab control; 4 plates per trial for 3 separate trials). The five-lane plate is made using a Nunc 1-well rectangular plate (Fisher 12-565-493), 50 mL of 0.8% agarose in water, and a CNC-milled plastic mold. Each lane is 18 mm wide, 70 mm long and 3.5 mm deep and has 60°sloping edges to avoid shadows and blind spots along the perimeter of the swimming area. The lanes have ample space to examine larval avoidance of aversive visual stimuli. Larvae were first imaged for 15 min without visual stimuli and then for 15 min in the presence of a moving red bar, which is 1.3 cm wide and moves up and down at a speed of 17 mm/second in the upper half of the lanes. Images were acquired every 6 s for a 30-min period and were analyzed in ImageJ. ImageJ macro (version 25k), downloaded by request from [22] , was used to automatically separate the color channels, subtract the background, apply a threshold, identify larvae based on particle size, and repeats these steps for subsequent images in a series. The macro generates a list of X, Y coordinates indicating the location and orientation of the larvae over time, which are used to calculate (Excel, Microsoft): a) the percentage of time that the larvae are located in the lower half of the lane, away from the visual stimuli, b) the swim speed, c) the percentage of time that the larvae rest, which is defined as the percentage of time the larvae move less than 1 mm in a 6 s interval, d) the average distance between larvae, e) the percentage of time that larvae are together, which is defined as less than 5 mm apart from the nearest neighbor, and f) the percentage of time that larvae are located along the edge of the lane, which is defined as the outer 3 mm perimeter of the swimming area. Parameters a, b, c, and f were used for behavioral analyses in the present study.
Extraction and LC-MS/MS for metabolomic analysis
At 12 dpf, E-and E+ morphologically normal larvae (n = 10 per replicate, n = 4 replicates per group) were transferred to 1.5 mL Eppendorf tubes, covered with EM, and euthanized via cold-exposure (see above). EM was carefully removed to prevent loss of larvae and samples were stored at −80°C overnight. To extract larvae for metabolomics analyses, solvent (300 µL 80:20 v/v methanol: water) was added, then sample extracts were homogenized with 0.5 mm zirconium oxide beads using a counter-top bullet blender for 6 min. Following 15 min incubation on ice, the extracts were centrifuged at 4°C at 15,000 × g for 13 min. Aliquots (200 µL) of the upper layer were transferred individually to new tubes and stored at − 80°C until analysis via LC-MS/MS. To ensure the stability and repeatability of the LC-MS system, quality control (QC) samples (n = 4), generated by pooling 10 µL aliquots from each larval extract, were analyzed with the larval samples.
Chromatography was performed with a Shimadzu Nexera system (Shimadzu; Columbia, MD, USA) coupled to a high-resolution hybrid quadrupole-time-of-flight mass spectrometer (TripleTOF® 5600; SCIEX; Framingham, MA, USA), as described previously [3] .
Sample preparation, extraction and LC-MS/MS analyses of total or
free DHA, EPA, ARA, ALA, and LA fatty acids and oxidized lipids Extraction for total docosahexaenoic acid (DHA), eicosapentaenoic acid (EPA), arachidonic acid (ARA), alpha linolenic acid (ALA), and linoleic acid (LA) were performed as described [3, 7] with the following modifications: samples were obtained at 12 dpf (n = 5 larvae per replicate, 5 replicates per group) homogenized in a solution of 1.0 mL water and 2.0 mL 1% ascorbic acid in ethanol (w/v), then saponified with the addition of 300 µL saturated KOH; following cooling, the pH was adjusted to 2. Chromatographic separations were carried out on 4.6 × 250 mm J'sphere ODS-H80 (4 µm, YMC Co, Kyoto, Japan) for negative ion analysis. TOF-MS and TOF-MS/MS were operated with same parameters as for metabolomics, described previously [3] .
2.9. Global DNA methylation and hydroxy-methylation quantification DNA isolation was performed using a Zymo ZF-Duet DNA/RNA MiniPrep Kit (Zymo Research; Irvine, CA). Embryo (1-5 dpf) and larval (12 dpf) samples (n = 8-16 per sample depending on age; 4 replicate samples per group) were collected into 1.5 mL lock-top tubes; excess EM was removed and 425 microL lysate buffer (from kit) was added. Samples were homogenized using a bullet blender, as described for metabolomics sample preparation above. Global DNA methylation (5-methylcystosine quantification, 5-mC) and hydroxy-methylation (5-hmC) were assessed using MethylFlash Global DNA Methylation (5-mC) ELISA Easy Kit (Colorimetric) and MethylFlash Global DNA Hydroxymethylation (5-hmC) ELISA Easy Kit (Colorimetric), respectively, from EpiGentek USA (Farmingdale, NY) Experiments were repeated in duplicate.
Statistical analyses
Statistical analyses for morphological and locomotor endpoints were performed using code developed in R (R Developmental Core Team 2014, http://www.R-project.org), as reported [3] .
Avoidance assay data were exported to Microsoft Excel, individual parameters averaged (means with SEM) for baseline and stimulus periods for each diet condition, and then transferred to GraphPad Prism 6.0 software (GraphPad, La Jolla, CA) for subsequent analyses using 2-way ANOVA with Tukey's post-test for multiple comparisons (p < 0.05).
Targeted metabolomics data processing was performed as described previously [3] using PeakView software (SCIEX). The Holm-Sidak method for multiple comparisons was used to compare normalized metabolite intensity values (responses) between the two diet groups for metabolites (n ≤ 12 metabolites per pathway/category analyses) involved in separate metabolic pathways/categories (Supplementary Table 1 ) with significance set at p < 0.05. All statistical analyses were performed using GraphPad Prism 6.0 software (GraphPad, La Jolla, CA).
Quantification of total and free fatty acids, and oxidized lipids was performed using MutliQuant Software version 3.0.2 (SCIEX), as performed previously [3] . Statistical analyses were performed as for metabolomics data (above).
Quantification of global DNA methylation and hydroxymethylation was determined per respective kit instructions. Additional statistical analyses (e.g. 2-way ANOVA with Sidak's post-test for multiple comparisons with significance set at p < 0.05) were performed using GraphPad Prism 6.0 software (GraphPad, La Jolla, CA).
Results
Larvae development and behavior
E-embryos suffer increased morbidity and mortality over the first 5 days post-fertilization (dpf) relative to E+ embryos [3] ; however, a small subset remains morphologically normal. We selected 5 dpf (larval stage) E-and E+ larvae without evident physical deformities to be hand-fed once daily for 7 days a commercial, nutritionally complete zebrafish food. Larvae in both groups appeared to develop normally and grew similarly (Fig. 1) . They displayed similar daily swimming and feeding activity; however, high-throughput behavioral screening at 12 dpf showed that the E-larvae sustained neurodevelopmental perturbations, as they were 85% less responsive to light-dark transition stimuli in a locomotor response assay (Fig. 2) .
While the locomotor response assay is a robust screening tool, it does not differentiate between neurological impairments in cognitive function (i.e. inability to interpret and respond appropriately to a stimulus) from physiological defects in perception (i.e. inability to sense or observe a stimulus). To investigate cognitive endpoints, we used an active avoidance assay [21] to evaluate characteristics of larval behavior in response to an aversive stimulus (visual presentation of a moving red bar). Swimming parameters (e.g. speed, location, overall activity/movement) were similar between E-and E+ larvae during baseline conditions, indicating no motor impairments in the E-group (Fig. 3A) . By contrast, during the stimulus only the E+ larvae demonstrated obvious aversive behavior by swimming faster (Fig. 3A) , increasing overall swimming (Fig. 3B) , and moving away from the red bar (Fig. 3C) , as well as demonstrating thigmotaxis (preference for lane edges; Fig. 3D ), an expected behavior and validated index of anxiety in zebrafish larvae [23] . The E-larvae failed to demonstrate a typical avoidance response and instead showed decreased overall movement in response to the moving bar with a greater percentage of the larvae remaining "at rest" compared to baseline conditions (Fig. 3B) , although, apparently, the E-larvae could adequately perceive the moving bar because they increased avoidance swimming significantly compared to baseline (Fig. 3C ).
Evaluation of VitE repletion
The behavioral abnormalities in the E-larvae were unexpected given their apparent normal phenotype and their week-long adequate dietary intake (413 ± 4 mg α-tocopherol per kg diet). Although measured VitE concentrations in E-larvae at 12 dpf were increased significantly from those measured at 5 dpf; however, they were approximately 2.5 times lower in E-compared to E+ larvae. VitE levels were unchanged from 5 to 12 dpf in the E+ group, indicating the commercial food contained adequate VitE to maintain sufficiency in E+ larvae (Fig. 4) .
We hypothesized that this sustained VitE deficiency in the E-larvae were due to the abundant amounts of long-chain polyunsaturated fatty acids present in the commercial diet (DHA: 1169 ± 2; EPA: 592 ± 2; ARA: 73 ± 0.4 µg/g food). In E-compared with E+ larvae measured concentrations of total (saponified) and free (unesterified) DHA, as well as other n−3 and n−6 LC-PUFAs, were significantly lower (Fig. 5) . These respective decreases likely resulted from increased lipid peroxidation in the E-larvae, based on their increases in oxidized n−3 (HDoHE, HODE) and n−6 (HETE, oxo-ETE) fatty acid concentrations (Fig. 6) . Notably, the F 4 -series neuroprostanes (F 4 -NPs, Fig. 6A ), which are non-enzymatic DHA peroxidation products specific to nervous tissue [24] , were increased more than 3-fold. (Note: the approach used does not permit unequivocal identification of the specific F 4 -NP isomer (s), we did confirm that the metabolite mass, retention time, and ms/ms fragmentation pattern matched those of the 4-series F 4 -NPs, e.g. highintensity [M+H] precursor ion m/z at 343.227). Additionally, nonenzymatic n-6 ARA-derived F 2 -and F 3 -isoprostanes [25] were also higher in E-vs E+ larvae (Fig. 6B) . Together, the increases in F 4 -NPs as well as F 2 -and F 3 -isoprostanes show increased free radical-induced p< 0.0001 Fig. 2 . Locomotor behavior is impaired in E-compared with E+ larvae despite consuming an adequate diet. The 12-day-old larvae were analyzed in 6-well plates (n = 80 per group; 3 replicate trials). Embryos with morphological defects were not included in data analysis. Locomotor activities following a series of light stimuli (a stimulus every 6 for 24 min) were measured as distance moved (mm) over time (seconds). Bar chart comparisons of respective time-course data (area under the curve ± SEM); E-(red diagonal bar) larvae were 85% less responsive to light than were E+ (blue solid bar) larvae (significance was determined using a Kolmogorov-Smirnov test with significance set at p < 0.01).
lipid peroxidation in 12 dpf E-larvae. Previously, oxidized and unoxidized lipids were reported in Medaka and higher F 2 -isoprostanes were found relative to F 3 -isoprostanes and F 4-neuroprostanes; similar (within a factor of 10) values are reported for muscle as compared with our whole larvae [26] .
Metabolic consequences of continued VitE inadequacy
Increased lipid peroxidation in the E-larvae resulted in significant oxidation of the cellular antioxidant network: targeted metabolomics analyses showed E-compared with E+ larvae had lower levels of ascorbic acid and glutathione concomitant with increased levels of each metabolite's respective oxidized form (Fig. 7A-B) . Interestingly, both NADPH and NADP+ were elevated in the E-larvae (Fig. 7B ), but the NADPH/NADP+ ratio was significantly decreased (Fig. 8A) , indicating enhanced NADPH oxidation (consumption) and a reduced NADPH reserve. We hypothesized that these perturbations in E-larvae would prompt greater metabolic activity via the pentose phosphate pathway (PPP) -a primary endogenous source of NADPH known to be active in the brain [27] . Our metabolomics data revealed that, indeed, glucose and PPP intermediates were significantly increased in the E-larvae (Fig. 8B) , indicating enhanced metabolic flux through this pathway. Similar elevations in glycolytic intermediates also were observed (Fig. 9) , mimicking the metabolomic profile of E-embryos at 1 dpf [3] , a time at which the embryo still retains ample nutrient-stores in the yolk. These parallels suggest that VitE-deficiency promotes a hypermetabolic response, aimed at ameliorating insults to (and preserving function of) the cellular antioxidant network, when sufficient substrate (glucose) is available.
Interestingly, in contrast to the above, levels of citric acid cycle intermediates were decreased in the E-embryos (Fig. 10) , indicating the possibility of impaired aerobic metabolism and compromised mitochondrial function, as found during more prolonged developmental VitE deficiency in 2 dpf (but not 1 dpf) E-embryos [3] .
VitE deficiency-induced lipid peroxidation (and ensuing DHA depletion) also causes increased DHA-containing phospholipid (DHA-PL) and lysophospholipid (lyso-PL) recycling/turnover, which leads to the depletion of choline-containing PLs (PCs) [4] and results in a secondary Fig. 3 . Perturbed responses of E-larvae to an avoidance assay are indicative of compromised neurodevelopment. Behaviors were quantified using a high-throughput response assay in which larvae (n = 40 per group; 3 replicate trials) were exposed to a blank background (baseline) and to a red moving bar (stimulus) in a PowerPoint presentation, as performed by [21] . . E-larvae remain VitE-deficient despite consuming an adequate diet for 7-days. Quantification as described [3] of α-tocopherol in E-compared to E+ larvae (n =5 larvae per sample; 5 replicates per group) from a representative clutch. Shown are means ± SEM; p-values are for 2-way ANOVA of VitE x Age interactions, with Tukey's post-test for multiple comparisons, p < 0.05 for bars bearing unique letters).
choline deficiency in E-embryos [3] . Thus, we hypothesized that choline levels also would be significantly lower in E-compared to E+ larvae. Targeted metabolomics analyses of choline and choline-containing compounds involved in PC synthesis revealed these metabolites were significantly lower in the E-larvae (Fig. 11) . Analyses of cholinederived methyl-donor metabolites (e.g. betaine, S-adenyslmethionine), however, showed no differences between E-and E+ groups (Supplementary Table 1 ). Previously, we observed depletion of both choline and choline-derived methyl donors (e.g. betaine, S-adenosylmethionine) in E-embryos [3, 5] , which is consistent with the decreased global DNA methylation status from 1 to 4 dpf in E-vs. E+ embryos. The dietary choline supply was presumably adequate to Fig. 5 . E-larvae have decreased DHA and other differences in n-3 and n-6 fatty acids during maintenance on a high-DHA diet. Quantified levels of total and free (unesterified) fatty acids in E-vs. E+ larvae were quantified from LC/MS-TOF area counts normalized using internal standards (n = 5 samples/group, with n = 5 larvae/sample for total lipids; n = 4 samples/group with n = 10 larvae/sample for free fatty acids). Total and free fatty acid measurements both were obtained from the same cohort of larvae. Shown are saponified (A) and extracted only (B) samples, means ± SEM. Statistical significance (p < 0.05) was calculated using the Holm-Sidak method for multiple comparisons of normalized intensity values. Paired comparisons p-values are indicated as ** < 0.01, *** < 0.001, **** < 0.0001. Abbreviations: ALA (α-linolenic acid); LA (linoleic acid); EPA (eicosapentaenoic acid); ARA (arachidonic acid); DHA (docosahexaenoic acid). Fig. 6 . E-larvae have increased levels of oxidized n-3 and n-6 lipid derivatives. (A) oxidized n-3 lipids, and (B) oxidized n-6 lipids, analyzed as described for Fig. 5(B) . Abbreviations: 5-, 12-, 15-HETE, 5-, 12-, 15-hydroxy-eicosatetraenoic acids; 5-oxo-ETE, 5-oxo-eicosatetraenoic acid; 17-, 7-, 10-HDoHE, 17-, 7-, 10-hydroxy-docosahexaenoic acids; 9-HODE, 9-hydroxy-docosahexaenoic acid; F4-NPs, shown as 7-series 9-3,5-Dihydroxy-2-2,5-octadien-1-yl cyclopentyl-7-hydroxy-4,8-nonadienoic acid.
restore and maintain normal methyl-donor status and DNA methylation in the 12 dpf E-larvae (Fig. 12 ).
Discussion
Developmental VitE deficiency causes neurobehavioral impairments that are resolved with preventative VitE supplementation initiated early during the embryonic period [5] ; however, these perturbations are not readily reversed via later dietary remediation. Results from our behavioral assessments in 12 dpf E-and E+ larvae show rescue was not possible using a nutritionally complete diet as an intervention strategy, despite the apparent normal phenotype of the animals (Fig. 1) . We found that E-larvae sustain marked locomotor deficits in response to light/dark stimuli (Fig. 2 ). An established symptom of overt VitE deficiency in humans and rodent is spinocerebellar ataxia [28, 29] , therefore outcomes of our locomotor assay alone were insufficient to indicate specifically cognitive impairments in the E-larvae because lasting motor-related neuropathologies could contribute to the reduced locomotor response observed in the E-group. To deduce specifically whether this outcome was due to cognitive, motor, or perceptual (e.g. vision) defects in E-larvae, we next performed an active avoidance assay using a visual threat (moving red bar). Although E-larvae behaved similarly to E+ larvae during baseline conditions and showed no signs of motor (swimming) impairments (Fig. 3) , the E-group did not exert a typical avoidance response (Fig. 3A-B [21] , or evident measures of anxiety (Fig. 3D) [23] as observed in E+ larvae. Instead, most E-larvae "froze" (i.e. stopped moving appreciably; Fig. 3B ). Such freezing may constitute a maladaptive avoidance response suggestive of cognitive dysfunction, as reported in studies of neurologically impaired adult zebrafish [30] . A small subset of E-larvae appeared to perform avoidance swimming by moving away from the red bar (Fig. 3C ), but this response was far less pronounced than that of the E+ larvae, and Fig. 7 . E-larvae have sustained metabolic perturbations to the cellular antioxidant network despite consuming adequate diets for 7-days. (A) Antioxidant network scheme showing interaction of antioxidants with lipid radicals and consumption or NAD(P)H. (B) E-and E+ larvae (n = 10/sample; 4 samples/group) relative response data was normalized against QC sample intensities (n = 4) for each individual metabolite. Boxes shown in Red (increased in E-or Blue (increased in E+) represent metabolites that were higher in E-or E+ larvae, respectively. Black boxes indicate relative levels of a given metabolite are not shown in the figure. Statistical significance (p < 0.05) was determined using the Holm-Sidak method for multiple comparisons of normalized intensity values. Shown are means ± SEM, p-values are indicated as **** < 0.0001. Abbreviations: LOO · , lipid radical; LOOH, oxidized lipid; α-TOC-OH, α-tocopherol; α-TOC-O · , α-tocopheroxyl radical; AA -, ascorbic acid;
A -· , ascorbate radical; DH-A, dehydroascorbate; GSH, glutathione; GSSG, glutathione disulfide; PUFAs, polyunsaturated fatty acids. Fig. 8 . E-larvae contain higher levels of pentose-phosphate pathway intermediates and show increased NADPH utilization when compared to E+ larvae. The outlined metabolic pathway diagram (left) shows the relationship of the metabolites shown in the bar charts in A and B. Solid lines indicate direct reactions and dashed lines denote several reaction steps between metabolites. Boxes shown in Red (increased in E-or Blue (increased in E+) represent metabolites that were higher in E-or E + larvae, respectively. Black boxes indicate relative levels of a given metabolite are not shown in the figure. Data were analyzed as in Fig. 7 . Abbreviations: 6-PG, 6-phosphogluconate; RU-5-P, ribulose-5-phosphate; R-5-P, ribose-5-phosphate. E-swimming speeds between baseline and stimulus conditions remained unchanged (Fig. 3A) . Overall, since the E-larva responded to, and therefore perceived, stimuli presentation, they presumably suffer cognitive (not perceptual) defects, which adversely impacted their ability to quickly and appropriately execute behavioral tasks. Additional tests of visual acuity in E-vs. E+ larvae [31] are necessary to verify this interpretation.
The continued neurocognitive impairments may be attributed to sustained VitE deficiency at 12 dpf in the E-compared with E+ larvae (Fig. 4) . We hypothesize that concomitant dietary supplementation with copious amounts of LC-PUFAs led to substantially increased antioxidant requirements and utilization resulting from the enhanced lipid peroxidation in the E-state (especially of highly-unsaturated DHA, [32] ), as found in previous reports [33, 34] . Our observations that (1) VitE status was maintained from 5 to 12 dpf in the E+ larvae, (2) Elarval VitE levels increased significantly from 5 to 12 dpf (Fig. 4) , and (3) differences over time in quantified total, unesterified (free), and oxidized lipid levels previously measured in 5 dpf larvae [3, 5] compared to levels in 12 dpf larvae (Figs. 5 and 6) showed parallel patterns of change in both E-and E+ groups, provide evidence that although the diet contained adequate VitE to support normal antioxidant requirements in growing zebrafish, the E-group, given their initial state of extreme VitE deficiency, may require greater amounts of VitE to achieve repletion (i.e. VitE levels equal to the E+ group). Future experiments utilizing different feeding regimens are needed to better address the requirements and/or potential for complete resolution of VitE deficiency in the E-larvae, and to determine if, once deficiency is fully ameliorated, the E-group remains cognitively impaired.
Decreases in DHA and ARA (Fig. 5) resulting from elevated lipid peroxidation in E-compared to E+ larvae (Fig. 6 ) also potentially underlie the former group's cognitive dysfunction, since both DHA [35] and ARA [36] are essential for healthy fetal neurodevelopment. Of relevance to brain function are the F 4 -NPs, which were~3.5 times higher in E-compared to E+ larvae (Fig. 6A ). Both animal [37] and human [38] studies demonstrate that brain F 4 -NPs are elevated during enhanced oxidative stress and pathological cognitive decline. Higher levels of additional autoxidized DHA products such as 10-HDoHE [39] (Fig. 6A) further suggest free radical-induced lipid peroxidation of brain DHA due to inadequate antioxidant (VitE) protection in E-larvae, though the possibility of aberrant enzymatic activity (e.g. of lipoxygenases) warrants attention as well.
Our metabolomics data showing consequent depletion of antioxidants (Fig. 7) , a decrease in the NADPH/NADP+ ratio (Fig. 8A) , and elevated glucose metabolism through the PPP (Fig. 8 ) in E-larvae suggest that continued lipid peroxidation prolonged the diversion of Fig. 9 . E-larvae contain increased levels of glucose, glycolytic intermediates, and ketogenic amino acid when compared to E+ larvae. The outlined metabolic pathway diagram (left) shows the relationship of the metabolites shown in the bar chart. Solid lines indicate direct reactions and dashed lines denote several reaction steps between metabolites. Boxes shown in Red (increased in E-or Blue (increased in E+) represent metabolites that were higher in E-or E+ larvae, respectively. Black boxes indicate relative levels of a given metabolite are not shown in the figure. Data were analyzed as in Fig. 7 . Abbreviations: GLUC, glucose; G-6-P glucose-6-phosphate; F-6-P, fructose-6-phosphate; F-1,6-BP, fructose-1,6,-bisphosphate; G-3-P, glyceraldehyde-3-phosphate; DHAP, dihydroxyacetone phosphate; 1,3-BPG, 1,3-bisphosphoglycerate; 3-PG, 3-phosphoglycerate; PEP, phosphoenolpyruvate. Boxes shown in Red (increased in Eor Blue (increased in E+) represent metabolites that were higher in E-or E+ larvae, respectively. Black boxes indicate relative levels of a given metabolite are not shown in the figure. Data were analyzed as in Fig. 7 . Abbreviations: CIT, citrate; ISO, isocitrate; AKG, α-ketoglutarate; FUM, fumarate; MAL, malate; OXO, oxaloacetate. Fig. 11 . Phospholipid synthesis is lower in E-larvae despite maintenance on a choline-adequate diet. Relative response intensities of choline, CDP-choline pathway, and PEMT pathway metabolites. E-and E+ larvae (n = 10/sample; 4 samples/group) data were normalized against QC sample intensities (n = 4) for each individual metabolite. Statistical significance (p < 0.05) was determined as described in Fig. 7 . Shown are means ± SEM, p-values are indicated as **** < 0.0001. glucose to the PPP in the E-group, as the animal attempted to generate adequate NADPH to replenish and preserve antioxidant network function under conditions of VitE deficiency, as reported in models of increased cerebral oxidative stress [40] . Interestingly, glucose utilization via cytosolic, anaerobic metabolic pathways (specifically, the PPP (Fig. 8 ) and glycolytic pathway (Fig. 9) ) were higher in E-compared with E+ larvae, as observed in 1 dpf E-embryos [3] . However, the aerobic metabolism via the citric acid cycle was decreased in E-vs E+ larvae (Fig. 10) , which matches the metabolic profile of 2 dpf E-embryos, which also exhibit deranged mitochondrial function in bioenergetic profiling assays [3] . Thus, it may be that once VitE deficiency devastates mitochondrial function during the embryonic period, the damage is irreparable, and normal aerobic metabolism cannot be restored regardless of substrate (glucose) availability. Such would be especially detrimental to the brain, since neurons are highly dependent on aerobic metabolism/oxygen utilization [41] and die rapidly if deprived of energy substrate (e.g. glucose), as in cerebral ischemia [42] .
Targeted metabolomics analyses also indicated continued relative choline deficiency in the E-vs. E+ larvae, potentially due to upregulated PC synthesis (Fig. 11) , especially via the phosphatidylethanolamine N-methyltransferase (PEMT) pathway, which utilizes PLs with an ethanolamine headgroup (PEs; notably, ethanolamine was decreased in E-vs. E+ larvae) to synthesize PC species enriched in DHA [43] . These data match our previous reports [3, 4] and provide evidence for continued perturbations in membrane PL remodeling. Lasting effects of reduced choline availability may partially underlie compromised cognition in the E-larvae, as demonstrated in mouse models of prenatal choline deficiency [44] . These consequences possibly are mediated by methyl donor-dependent epigenetic mechanisms [45] related to DNA methylation status, established either during the embryonic and/or larval periods.
Numerous studies focused on the redox-control of energy metabolism [46] show that DNA methylation (epigenetic) events mediate cellular bioenergetics [47] . We found decreased global DNA methylation (5-methylcytosine content; 5-mC) in E-embryos from 1 to 4 dpf (Fig. 12) during periods of more severe choline deficiency [3, 5] ; however, levels measured at 12 dpf were not different. Presumably, once provided with an adequate dietary source, the E-larvae utilized available choline to restore vital methyl-donor dependent reactions such as DNA methylation at the expense of maintaining PC synthesis (Fig. 11) , indicating a potential hierarchy in the endogenous functions of choline. Our findings showing elevated levels of global 5-hydroxymethylcytosine (5-hmC) by 5 dpf as well as an increased 5-hmC/5-mC in E-vs. E+ larvae by 2 dpf (Fig. 12) , both indicative of oxidative stress-induced chemical changes to DNA [47] , also suggest that developmental perturbations -though no longer present at 12 dpf -may partially underlie the continued behavioral disruptions in E-larvae, as evidenced in models of autism [48] . Both DNA methylation and hydroxymethylation are known to regulate neural crest formation [49] and other neurodevelopmental processes [50] ; thus, future studies focused on brain and gene-specific methylation status rather than global DNA methylation alone are warranted to investigate the possibility of altered methylation and hydroxymethylation profiles that specifically, and potentially permanently, affects cognitive development.
A unifying mechanism potentially linking developmental VitE deficiency with many of the metabolic perturbations reported herein -all of which may perturb brain function -is ferroptosis, a process of nonapoptotic programmed cell death [51] that involves several key features observed in our E-larvae, most critically: 1) enhanced enzymatic lipid peroxidation [52] , especially due to excessive ARA metabolism via 5- [53] and 15-lipooxygenase [54] activities ( Fig. 6A-B ; including 5-and 15-HETE; 5-oxo-ETE [55] ); 2) glutathione depletion [56] (Fig. 7) ; and 3) mitochondrial dysfunction [57] (Fig. 10) . We also found Elarvae had increased levels of glutamate (p < 0.001; Supplementary Table 1) relative to E+ larvae, which could signify glutamate toxicity, another metabolic perturbation associated with ferroptosis [53] via inhibition of the cellular cysteine/glutamate antiporter system X c - [51] . Excessive glutamate is neurotoxic [58] and may be a consequence of compromised mitochondria [59] ; additional experiments regarding the regulation of neuronal intracellular glutamate levels are required to determine whether these mechanisms also apply to our VitE deficiency model. Importantly, VitE supplementation successfully prevents ferroptosis [60] and associated neurological impairments [61] , while VitE deficiency exacerbates the latter [62] , indicating that ferroptosis may constitute a biological rationale for the consequences of embryonic VitE deficiency we observed in E-larvae.
Taken together, our data reveals embryonic VitE deficiency causes lasting perturbations in lipid, antioxidant, and energy metabolism, despite consumption of an adequate diet at the larval stage. These combined outcomes may underlie the sustained neurocognitive abnormalities evident in the E-larvae, suggesting that embryonic VitE inadequacy has long-term adverse effects on the brain, as observed with prenatal DHA [63] and choline [64] deficiencies, respectively, during critical periods of brain development. Such findings substantiate the provocative contention that VitE also is a nutrient of similar status and significance, both for the fetal brain and for long-term cognitive function, and provide evidence to encourage future reevaluation of recommended VitE intake levels to promote optimal neurodevelopment and cognitive health in humans. Currently, there is only limited information available on the role of VitE in miscarriage [2, 65] and cognitive function [66, 67] in humans. Clearly, more research is needed in this area. Fig. 12 . Minor decreases in choline levels at 12 days post-fertilization in E-compared to E+ larvae do not disturb global DNA methylation. Global (total) DNA methylation (5-methylcytosine content; 5-mC) and hydroxy-methylation (5-hydroxy-methylcytosine; 5-hmC) were quantified and expressed as percentages of total DNA cytosine content (19.3% for zebrafish, [68] ) in E-and E+ embryos/larvae from 1 to 5 and 12 dpf (n = 8-16 per sample; 4 sample replicates per group). Shown are means ± SEM; 2-way ANOVA with Tukey's posttest, statistical significance set at p < 0.05. Paired comparison p-values are indicated as * < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001. **** < 0.0001.
